Abstract: We present a simple and reliable method based on the spectral splice loss measurement to determine the cutoff wavelength of bend insensitive fiber.
Introduction
To reduce a huge power penalty caused by sharp bends in single mode optical fibers used in city FTTH (fiber-to-the-home) networks and to support compact design of splice-boxes, bend insensitive fibers have attracted researchers to develop specialty fibers having high bend insensitivity [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Various designs are already reported with trenched, holes assisted and non-trenched fiber structures to reduce the bending sensitivity of optical fiber [1, 2, 7] . The trenched bend insensitive fiber (BIF), which follows the ITU-T G.652 recommendations for the single mode optical fiber has been commercialized as a cost-effective solution to the bending problem. The bend insensitivity in optical fibers along with maintaining the ITU-T G.652 recommendations has been achieved by strongly confining the power in the optical fiber by means of a low-index ring (trench) in the cladding structure. Such structures have been already reported [3] [4] [5] [8] [9] [10] and commercialized [11] .
As BIFs have been recently developed, the ITU-T recommendations about BIFs don't spell any standard method to measure the cutoff wavelength, and as it is well known, knowing cutoff wavelength is one of the most significant parameter about the optical fiber to employ it in the network [12] . A standard method to measure the cutoff wavelength of single mode optical fiber (SMF) is a bend reference method where a wavelength with an attenuation of 20 dB in the LP 11 mode is considered to be the effective cutoff wavelength [13] . For this, the spectral attenuation for the SMF with a loop of 6 cm diameter is measured in comparison with the straight fiber and the wavelength where the long wavelength edge of the bend induced loss is greater than the long wavelength baseline by 0.1 dB is considered as the effective cutoff wavelength [13, 14] . There are standard experimental instruments available to determine the cutoff wavelength by using this method, which is widely used in optical fiber industries. However, when the new BIF is used instead of the commercial SMF, we need to give a huge number of loops (>100 loops) to estimate the cutoff wavelength, because the high order mode (LP 11 ) has a very low bending loss in the BIF, which is a real hindrance in the determination of the cutoff wavelength using the existing instrument. Because of this difficulty, several methods have been reported to determine the cutoff wavelength of the BIF. A multimode reference technique, where transmission powers are measured with the SMF and the multimode fiber are compared to estimate the cutoff wavelength [15] , however this measurement method is affected by ripples due to leaky modes. A far field MFD method has also been reported to determine the cutoff wavelength of optical fibers with improved bending insensitivity in [16] where the spectral variation of the far field MFD is measured at different transverse offsets, which is a very complex method to carry out. Recently a method to determine a reliable cutoff wavelength of the BIF by using the commercial SMF as the reference has been reported [17] , which is very useful to determine the cutoff wavelength of the BIF operating in the standard 1550 nm wavelength band, however for the BIF operating below the cutoff wavelength of the commercial SMF, it is the same as the multimode reference technique.
In the current communication, we report a transverse splice loss technique to determine the cutoff wavelength of the BIF. It is a very simple experimental method because no repositioning of fibers is needed, thereby preventing launching errors while repositioning the fibers. It also does not need complex MFD measurements that makes it very simple to perform, and finally, it can be used to determine the cutoff wavelength of the BIF operating at any nonstandard wavelength. In the next section, we prove theoretically how the transverse splice loss technique can be used to determine the cutoff wavelength of the BIF. Then we explain the experimental part where fabrication of BIFs operating at visible and IR bands is described; thereafter our splice loss measurement technique is discussed, and finally we conclude by comparing the performance of this method with theoretical predictions and a bend reference technique.
Splice loss and cutoff wavelength
In a weakly guiding approximation, the scalar wave equation satisfied by the transverse component of electric field can be expressed as [13, 18] :
where ε 0 is the permittivity of free space, µ 0 is the permeability of free space, n is the refractive index and t represents time. By adopting the method of separation of variables and by considering n 2 dependence only on transverse coordinates ( , r ϕ ), we may write:
where ω is the angular frequency, β is the propagation constant, and z is a coordinate along the fiber length. Further assuming n 2 dependency only on r and substituting Eq. (2) in Eq. (1) gives:
where l is the constant (an azimuthal mode number) expressed as
The ϕ dependency is of the form cos( ) lϕ or sin( ) lϕ . Modes with l > = 1 are four fold degenerate, while with l = 0 are ϕ independent and have two fold degeneracy (two independent states of polarization). It is known that intensity profiles of transverse electric fields belonging to the same LP mode have same distribution. Now we develop mode field equations for the trenched SMF with the index profile shown in Fig. 1 ; for the current discussion, we are considering the optical fiber with one trench. The mode field at different regions of the single trenched BIF can be expressed as [13, 18] 
where R i is the mode field in the i th region along the radius r, J is the Bessel function of first kind, I and K are modified Bessel functions, A i are constants and p i and q i are defined as follows:
where k 0 is a propagation constant in the free space ( = 2π/λ, in which λ is the operating wavelength), n i is the refractive index of optical fiber in the i th region, and β l is the propagation constant of l th mode in the optical fiber. It is noted that Eq. (5) ( ) ( )
where 
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By solving the characteristic equation given in Eq. (10), the propagation constant can be determined for a given value of mode number l. After that, the mode field variation along the radius can be calculated by using Eq. (5) 
where suffixes y and x are for y-polarization and x-polarization, respectively and R's are defined in Eq. (5) to Eq. (8). Normalization of Eq. (12) to Eq. (14) can also be carried out to get unity power for each mode [19] . The fundamental mode field diameter of the optical fiber can be determined from Eq. (5) 
For instance, when a = 4 µm, b = 8 µm, c = 12 µm, ∆n 1 = 0.006, and ∆n T1 = −0.003, theoretical cutoff wavelength of LP 11 mode (with l = 1) is about 1.3 µm. The LP 01 mode field and the LP 11 mode field at wavelengths below, above and at the cutoff wavelength are shown in Fig. 2 . Power in the fiber (in the core and the cladding) at a particular mode can be expressed as [13] 
where C 1 and C 2 are constants, which can be determined from known power. It is noted that, if we launch equal power (p(λ)) in all degenerate modes then the fiber supporting two modes (LP 01 , LP 11 ) will have 6 p(λ) power and the fiber supporting only one mode (LP 01 ) will have 2 p(λ) power. Thus, moving from the two-mode propagation to the fundamental mode propagation in the optical fiber will cause the loss of around 4.77 dB. With regards to the transverse splice loss between two identical optical fibers, the overlap integration between two modes (ψ 1 (x,y) in Fiber-1 and ψ 2 (x,y) in Fiber-2) after the transverse misalignment of u (a movement with respect to aligned axes and which is parallel to end faces) can be expressed in Cartesian co-ordinates as:
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where T ij is the overlap integration between i Ψ and j Ψ and w is the fundamental mode spot 
T T T B T T T C T T T
where A, B and C are constants; for equal power in all modes, A = B = C = 1/3. It is noted that in Eq. (22), LP 01 and LP 11 modes have been approximated by a Gaussian function and a Hermite-Gauss function, respectively, which are accurate within a few percent of exact field profiles [21] . The MFD and the splice loss determined for the above fiber are shown in Fig. 3 for equal power distributed in all modes. It can be observed that at the vicinity of the cutoff wavelength, the transverse splice loss is the lowest and jumps to the high value when only LP 01 mode propagates in the fiber. Thus, it can be stated that the wavelength where we get the lowest splice loss is the cutoff wavelength. Now, we use this idea to determine the cutoff wavelength of experimental BIFs. 
Experiments
To determine the relationship between the cutoff wavelength and the splice loss, we used various optical fibers as follows: (i) single mode optical fiber (SMF, Fiber-1) [22] , (ii) two bend insensitive optical fibers developed in the laboratory (Fiber-2 and Fiber-3), and (iii) commercial bend insensitive optical fiber (Fiber-4) [11] . The SMF (Fiber-1) was the commercial single mode fiber with the MFD of about 9-10 µm. For the laboratory made BIFs (Fiber-2 and Fiber-3), two optical fiber preforms with germano-silicate glass composition were fabricated by using the MCVD technique. Low index trenches were formed by boron doping during the fabrication of performs. Optical fibers with outer diameter of 125 µm were drawn at 2000 °C using the draw tower. Optical parameters of these two fibers are listed in Table 1 . It is noted that Fiber-2 had one trench while Fiber-3 had two trenches in the cladding region surrounding the core. Lastly, Fiber-4 was the commercial BIF; it had a single trench its MFD of about 9.8 µm at 1550 nm and its bending loss was less than 0.5 dB/loop of 15 mm diameter at 1550 nm [11] . For the splice loss measurements, the two identical fiber facets were separated less than 5 µm and one of the fibers was moved transversely (parallel to the end face). A broadband light source emitting at 350 nm to 1750 nm was used as the input at one part of the fiber (length = 0.5 m) and the optical power obtained at the end of other part of the fiber (length = 0.5 m) was measured by using the optical spectrum analyzer. Care was taken to avoid cladding modes in the fiber by stripping the polymer coating (~1 cm) and using the index matching oil at both ends, and additionally, other portion of fibers were coated by the high index polymer to eliminate cladding modes. The splice loss was measured with reference to the perfectly aligned fibers (u = 0). Typical measurements of splice loss for the SMF (Fiber-1) are shown in Fig. 4 and a linear curve fit at the central points of the transition curve (indicating a transition from the multimode to the single mode regime) was used to obtain transition values of the splice loss as shown in Fig. 5 . Subsequent splice loss measurements for bend insensitive fibers, Fiber-2, Fiber-3 and Fiber-4 are shown in Fig. 6, Fig. 7 and Fig. 8 , respectively. The effective cutoff wavelength of the SMF was measured by a normal bend reference technique where a loop of 6 cm diameter was involved. However, the same method could not be used for BIFs because bending losses for BIFs were almost negligible at the standard loop diameter of 6 cm, (for instance, the bending loss of Fiber-2 was about 0.47 dB/loop of 10 mm diameter at 633 nm and that of Fiber-3 was about 0.01 dB/loop of 10 mm diameter at 1550 nm). Therefore, we used 10 loops of 10 mm diameter and determined the cutoff wavelength by considering the attenuation above 0.1 dB of the baseline after LP 11 mode attenuation peak. Bending loss measurements for Fiber-1, Fiber-2, Fiber-3 and Fiber-4 are shown in Fig. 4,  Fig. 6, Fig. 7 and Fig. 8 , respectively.
It is also worth mentioning that measurements for in-house made BIFs (Fiber-2 and Fiber-3) were somewhat noisy possibly due to increased absorption caused by the boron doping. In fact, the transmission loss of Fiber-2 and Fiber-3 was about 5 times more than that of the SMF.
Results and discussion
By adopting the procedure of measuring the splice loss as described in a Section 3, we obtained spectral variations of transverse splice loss characteristics of various optical fiber samples for different offsets as illustrated in Fig. 4 to Fig. 8 . In the case of the single mode optical fiber where the mode field is loosely confined in the core region, small bending of 6 cm diameter causes the field to leak into the cladding. When scanned from low wavelength to high wavelength, the LP 11 mode field starts to suffer attenuation much before the cutoff wavelength due to spreading and leakage of the mode field and the pure single mode operation starts earlier than the cutoff wavelength; the wavelength where single mode starts before the theoretical cutoff is known as an effective cutoff wavelength. In contrast to this, increase in the spreading of the LP 11 mode decreases the splice loss as the operating wavelength approaches the LP 11 mode field cutoff wavelength. Because no bending is applied to leak the LP 11 mode field, the splice loss where it again reaches a high value nearly represents a pure single mode operation that is predicted by theory. We obtained the pure single mode regime for the SMF at about 1226.3 nm as illustrated in Fig. 5 .
For the bend insensitive fiber, where the mode field (including the high order mode field) is strongly confined due to surrounding low index trench, bending actually does not cause the mode field to spread much to reduce the bending loss. But if forced to undergo leakage due to successive sharp bends, it also undergoes a similar action as described for the SMF to cause high bending loss at a much lower wavelength than the theoretical cutoff (See Fig. 6 to Fig. 8 and Table 2 ). It can be observed in Table 2 that mean splice loss measured for the BIF shows good match with the effective cutoff wavelength measured by using the bend reference technique. Only difficulty faced in this technique was the determination of transition points of minimum and maximum splice loss at the cutoff wavelength and it can be solved by a linear fit approach we adopted in Fig. 5 .
As we measured the transverse splice loss at various transverse offset values, it is worth mentioning the possible optimum value of the offset to determine the cutoff wavelength of BIF. As listed in Table 2 , as the transverse offset is changed from 8 µm to 2 µm, the cutoff wavelength values match more and more with the cutoff wavelength determined by using the bending reference technique. For the offset of 2 µm and 4 µm, measured cutoff wavelengths were nearly same. If compared with the cutoff wavelength determined from the bending loss technique, it can be stated that the offset value of less than 4 µm can be conveniently used to determine the LP 11 cutoff wavelength. 
Summary
We proposed a simple method to determine the cutoff wavelength of bend-insensitive fiber.
The effective cutoff wavelength of the bend insensitive optical fiber obtained by the proposed transverse splice loss measurement showed very good match with that obtained by the bend reference technique. The method was proven very simple and can be adopted effectively to estimate the effective cutoff wavelength.
